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Abstract
We study the modification of the nucleon axial form factor in nuclear matter.
The internal quark substructure of the nucleon is self-consistently described
by the quark meson coupling model. We find that the axial form factor of
the bound nucleon is quenched considerably from that of the free nucleon.
The axial vector coupling constant, gA, is reduced by roughly 10% at normal
nuclear matter density and the axial form factor varies within 8% for moderate
momentum transfer.
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There is strong evidence that hadron properties must undergo substantial modifications
in nuclear medium [1–3]. A number of experiments, such as the variation of nucleon struc-
ture functions in lepton deep-inelastic scattering off nuclei (the nuclear EMC effect) [4], the
quenching of the axial vector coupling constant, gA, in nuclear β-decay [5], and the miss-
ing strength of the response functions in nuclear quasielastic electron scattering [6], have
stimulated investigations of whether or not quark degrees of freedom play any significant
role. Though the conventional interpretation arising through polarization effects and other
hadronic degrees of freedom (∆-excitations, meson exchange currents, etc.) undoubtedly
play a role [7,8], it is rather interesting to explore, as well, the possible effects of a change
in the internal structure of the bound nucleon.
The successes of quantum hadrodynamics (QHD) leave little doubt that relativistic nu-
clear phenomenology is essential in describing the bulk properties of nuclear matter as well
as the properties of finite nuclei [1]. To incorporate the substructure of the nucleon in a rel-
ativistic nuclear framework, Guichon proposed a successful hybrid model (the quark-meson
coupling (QMC) model) [9], where nuclear matter is described in terms of non-overlapping,
MIT bag nucleons [10]. The model was later developed to describe finite nuclei [11] as well
as the properties of other hadrons in medium [12]. By analogy with QHD, QMC describes
the bulk properties of nuclear systems using scalar (σ) and vector (ω) meson mean fields.
However, the nucleon bound in a nuclear medium here is no longer a point-like particle,
it has substructure – quarks confined inside the nucleon bag. It is the quark, rather than
the nucleon itself, that is coupled to the σ and ω fields directly. As a result, the internal
structure of the bound nucleon is modified by the surrounding medium with respect to that
in free space [3,13,14].
Within QMC, the small mass of the quark implies that the lower component of the
quark wave function will be enhanced rapidly 1 by the change of its environment (as the
1Considerably more rapidly than that of the nucleon in QHD and for smaller values of the mean-
2
σ field strength increases), with a consequent decrease in the scalar baryon density. As
the scalar baryon density itself is the source of the σ field, this provides a mechanism
for the saturation of nuclear matter where the quark substructure plays a vital role. The
extra degrees of freedom, corresponding to the internal structure of the nucleon, lead to a
reasonable value for the nuclear incompressibilty, once the corresponding quark and meson
coupling constants, gqσ and g
q
ω, are determined to reproduce the empirical values for the
saturation density and binding energy of symmetric nuclear matter.
In our previous work, we predicted medium modifications of nucleon electromagnetic
form factors [15]. Such a medium effect appears to be supported by a recent experiment
at Mainz [16], which measured the polarization transfer in the 4He(~e, e′~p) reaction. The
polarization transfer double ratio, (P ′x/P
′
z)He/(P
′
x/P
′
z)free, tends to favor the RDWIA cal-
culations using a medium modified proton form factor. Further study of this reaction has
been carried out at Jefferson Lab (E93-049) [17] and other related experiments have been
proposed. In this paper, we study the axial form factor of the bound nucleon in symmetric
nuclear matter. This is of particular interest in the light of plans to build very high intensity
neutrino beams in the near future.
The Lagrangian density for the QMC model is
Lq = q(iγµ∂µ −mq)qθV − B0θV + gqσqqσ − gqωqγµqωµ −
1
2
m2σσ
2 +
1
2
m2ωω
2, (1)
where mq is the current quark mass, B0 is the bag constant in vacuum, g
q
σ and g
q
ω are the
corresponding quark and meson coupling constants, and θV is a step function which is one
inside the bag volume and zero outside.
In mean-field-approximation, the meson fields are treated as classical fields, and the
quark field q(x) inside the bag satisfies the equation of motion
[iγµ∂µ − (mq − gqσσ)− gqωωγ0]q(x) = 0, (2)
fields.
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where σ and ω denote the constant mean values of the scalar and the time component of
the vector field in symmetric nuclear matter. The normalized solution for the lowest state
of the quark is given by [3,10]
q(t, ~r) =
N0√
4π
e−iǫqt/R

 g(r)
iσ · rˆf(r)

 θ(R− r)χq , (3)
where
g(r) = j0(xr/R), f(r) = βqj1(xr/R) ,
ǫq = Ωq + g
q
ωωR, βq =
√√√√Ωq −m∗qR
Ωq +m∗qR
,
N−20 = 2R
3j20(x)[Ωq(Ωq − 1) +m∗qR/2]/x2 ,
with Ωq ≡
√
x2 + (m∗qR)
2, m∗q ≡ mq − gqσσ, R (R0) the bag radius (free space), and χq the
quark Pauli spinor. The eigen-frequency, x (x0), of this lowest mode in medium (free space)
is determined by the boundary condition at the bag surface,
j0(x) = βqj1(x). (4)
The form of the quark wave function in Eq. (3) is almost identical to that of the solution in
free space. However the parameters in the expression have to be substantially modified by
the surrounding nuclear medium. Note that as the value of gqσσ is usually much larger than
mq, the quantity, βq, becomes larger than unity, which means that the lower component of
the Dirac spinor is enhanced. In other words, the quarks in the nucleon embedded in the
nuclear medium are more relativistic than those in a free nucleon.
The mean values of the scalar (σ) and vector (ω) fields in symmetric nuclear matter are
self-consistently determined by solving the following set of equations:
ω =
gωρ
m2ω
, (5)
σ =
gσ
m2σ
C(σ)ρs =
gσ
m2σ
C(σ)
4
(2π)3
∫ kF
d3k
m∗N (σ)√
m∗2N (σ) + k
2
, (6)
m∗N (σ) =
3Ωq(σ)
R
− z0
R
+
4
3
πR3B0, (7)
∂m∗N (σ)
∂R
= 0, (8)
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where ρ (ρs) is the baryon (scalar) density and kF is the nucleon Fermi momentum, gσ =
3gqσS(0), gω = 3g
q
ω, and the quantity, C(σ), is defined by
C(σ) ≡ S(σ)/S(0) = −
(
∂m∗N (σ)
∂σ
)
/gσ, (9)
with S(σ) =
∫
bag d
3r q(~r)q(~r). Using the quark wave function for the MIT bag, Eq.(3), S(σ)
can be explicitly evaluated:
S(σ) = [Ωq/2 +m
∗
qR(Ωq − 1)]/[Ωq(Ωq − 1) +m∗qR/2]. (10)
The second term in Eq.(7), (−z0/R), has multiple roles and it parametrizes the sum of the
zero point energy, gluon corrections, and the part of the center-of-mass (c.m.) motion [18].
The process to solve this coupled system is as follows: we first determine z0 and B0 by
requiring the free nucleon mass to be mN (ρ = 0) = 939 MeV and by imposing the stability
condition, Eq.(8), for a given bag radius, R0 (treated as an input parameter). After that, we
solve the coupled set of equations at normal nuclear matter density, ρ0, and determine the
coupling constants, gqσ and g
q
ω, required to reproduce nuclear saturation properties. With
these parameters, we can solve the whole problem for each finite nuclear matter density, ρ,
self-consistently. Typically the quark r.m.s. radius, r∗q , calculated by the bag wave function is
slightly increased, although the bag radius, R, decreases by a few percent at normal nuclear
matter density. The properties of these self-consistent solutions as a function of the nuclear
matter density, a typical set of parameters and the value of the nuclear incompressibility,
K, as well as the possible medium dependence of the bag constant, can be seen in Ref. [15].
It is worthwhile to note that the self-consistency condition in QMC is identical to that in
QHD, except that in QHD one has C(σ) = 1 in Eq.(6) [3], which corresponds to a point-like
nucleon. Within QMC all information on the internal structure of the nucleon is contained
in C(σ).
Once the quark wave function in the bound nucleon is determined, one can proceed to
calculate the nucleon axial form factors, which are defined as follows:
〈p′s′|Aµa(0) |ps〉 = us′(p′)
[
GA(Q
2)γµ +
GP (Q
2)
2mN
(p′ − p)µ
]
γ5
τa
2
us(p), (11)
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where Q2 ≡ −(p′ − p)2, us(p) is the nucleon Dirac spinor. Here we shall focus on the
axial vector form factor, GA(Q
2), since the induced pseudoscalar form factor, GP (Q
2), is
dominated by the pion pole and thus can be derived using the familiar PCAC relation [19,20].
The relevant axial current operator is then simply
Aµa(x) =
∑
f
qf(x)γ
µγ5
τa
2
qf (x)θ(R− r), (12)
where qf(x) is the quark field operator for flavor f .
In order to remove the spurious c.m. motion, we construct the momentum eigenstate of
a baryon via the Peierls-Thouless (PT) projection method [21,22],
ΨPT(~x1, ~x2, ~x3; ~p) = NPTe
i~p·~xc.m.q(~x1 − ~xc.m.)q(~x2 − ~xc.m.)q(~x3 − ~xc.m.), (13)
where NPT is a normalization constant, ~p the total momentum of the baryon, and ~xc.m. =
(~x1 + ~x2 + ~x3)/3 is the center of mass of the baryon (we assume equal mass quarks here). It
can be shown that the PT wave function satisfies the condition of translational invariance.
Using Eqs. (12) and (13), the nucleon axial form factors can be expressed as
GA(Q
2) =
5
3
∫
d3r
{[
g2(r)− f 2(r)
]
j0(Qr) + 2f
2(r)
j1(Qr)
Qr
}
K(r)/DPT, (14)
DPT =
∫
d3rρq(r)K(r), (15)
where DPT is the normalization factor, ρq(r) ≡ g2(r)+f 2(r), and K(r) =
∫
d3z ρq(~z)ρq(−~z−
~r) is the recoil function which accounts for the correlation of the two spectator quarks.
At this stage, there is no satisfactory covariant treatment for the MIT bag model. On the
other hand, relativistic effects are important for most dynamic variables, especially for form
factors at large momentum transfer. They lead to a sizable correction for the r.m.s. radius
of the nucleon. In this paper, we use a semi-phenomenological method to account for the
relativistic corrections which is consistent with a mean field treatment of the QMC model.
Since a static MIT bag is an extended spherical object, it would be deformed if it were
viewed in a moving frame of reference. It is crucial to include this Lorentz contraction of
the bag for calculating form factors at moderate momentum transfer [21,23]. In the prefered
Breit frame, the resulting form factors can be expressed through a simple rescaling, i.e.,
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GA(Q
2) =
(
m∗N
E∗
)2
GsphA (Q
2m∗N
2/E∗2), (16)
where E∗ =
√
m∗N
2 +Q2/4 and GsphA (Q
2) are the form factors calculated with the spherical
bag wave function. The scaling factor in the argument arises from the coordinate trans-
formation of the struck quark whereas the prefactor, (m∗N/E
∗)2, comes from the reduction
of the integral measure of two spectator quarks in the Breit frame [23]. The axial radius
squared is given by,
r2A = −
6
gA
dGA(Q
2)
dQ2
∣∣∣∣∣
Q2→0
, (17)
which results in 12/m2A for a dipole form: GA(Q
2) = 1/(1 +Q2/m2A)
2.
Note that the pion cloud of the nucleon only plays an indirect role in calculating the
axial vector form factor, in contrast to the electromagnetic properties of the nucleon. In
fact, the matrix element of the pionic axial current, fπ∂
µπ, vanishes in any chiral bag model
if the pion cloud exists in all space [19,27].
The nucleon axial form factor in free space is illustrated in Fig. 1. The experimental
data from neutrino scattering is not shown directly, rather we show a dipole form with
the mass parameter in the range found by Kitagachi et al. [24]. (We note that the pion
electroproduction data [25] is consistent with this after the small correction from chiral
perturbation theory is applied [26].) The corrections for the center-of-mass motion and
Lorentz contraction lead to a significant improvement over static bag model calculations, in
particular, at moderate momentum transfers [27]. The results are not sensitive to the current
quark mass, so we use mq = 0 in this paper. The axial radii are 0.587, 0.614 and 0.640 fm,
corresponding to the bag radii of 0.90, 0.95 and 1.00 fm, respectively. These r.m.s. radii are
in good agreement with the experimental value (0.635± 0.023) fm [28]. The axial coupling
constant, gA ≡ GA(Q2 = 0), is about 1.14 after the c.m. correction, which is about 5%
increase from the static MIT bag value, 1.09. Finite quark mass and pion renormalization
may be expected to lead to further corrections at the level of 10%.
Fig. 2 shows the medium dependence of the axial form factors at several momentum
transfers (with R0 = 0.95 fm). For Q
2 < 2 GeV2, the axial form factor decreases as the
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density ρ increases. The axial vector coupling constant (the solid line in this figure), gA,
would be reduced by 12% at normal nuclear matter density, ρ0, and 9% at the average
density of finite nuclei, 0.7ρ0, where the latter is to be compared with the experimental 20%
reduction seen in Gamow-Teller transitions [5].
The momentum dependence of the axial form factors (R0 = 0.95 fm again) is shown in
Fig. 3. The nuclear medium does indeed modify the shape of the momentum dependence.
The medium effect increases as the density increases and tends to be larger for smaller
momentum transfers. However the overall effect is less than roughly 8%, depending on the
bag radius.
In conventional nuclear physics, the nucleon is immutable and the electroweak properties
of a nucleus are often described by a combination of individual nucleon contributions and
various meson exchange current corrections. This is particularly important for the axial
charge of finite nuclei [29]. For the quenching of gA, conventional mechanisms (medium po-
larization) also exist, however it is fundamentally interesting to explore this new mechanism
arising from possible changes of the internal structure of the nucleon. Clearly it would be
very valuable to study the effect of the medium modified axial form factor in the context of
neutrino-nucleus scattering [30] and the solar neutrino problem [31].
In summary, the nucleon axial form factor is significantly modified in nuclear matter
through a new mechanism, namely the change of the internal substructure of the bound
nucleon. We have calculated the density dependence of the axial form factor of the bound
nucleon in the QMC model and found that it is quenched considerably compared with that
of the free nucleon. The axial vector coupling constant, gA, is reduced by roughly 10% at
ρ0 and the axial form factor would vary within 8% for moderate momentum transfers.
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FIG. 1. The nucleon axial form factor in free space for three different bag radii. Experimental
data are summarised by a dipole form: GA(Q
2) = gA/(1 + Q
2/m2A)
2, with mA = (1.03 ± 0.04)
GeV. The value of gA in our calculation is 1.14, compared with the experimental value of 1.26.
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FIG. 2. The density dependence of the nucleon axial form factor with R0 = 0.95 fm. The value
of gA is quenched in nuclear matter, resulting in a reduction of roughly 12% and 9% at ρ0 and
0.7ρ0, respectively.
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FIG. 3. The momentum dependence of the nucleon axial form factor at different densities with
R0 = 0.95 fm. The effect of medium modification, which is more important in small momentum
transfer region, glows as the baryon density increases.
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